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We explore the range of parameters for dark- matter sterile neutrinos in an extention of the Minimal 
Standard Model by three singlet fermions with masses below the electroweak scale (the i^MSM). This 
simple model can explain a wide range of phenomena, including neutrino oscillations, baryogenesis, 
the pulsar velocities, and the early reionization. The presence of two heavier sterile neutrinos and 
the possibility of entropy production in their decays broadens the allowed range of parameters for 
the dark- matter sterile neutrinos (or other types of dark matter, for example, the gravitino). In 
addition, the primordial production of dark matter sterile neutrinos allows to escape most of the 
constraints. 
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Introduction. While the Minimal Standard Model 
(MSM) Q of electroweak interactions is in good agree- 
ment with accelerator experiments, it is known to be in- 
complete in the neutrino sector. Neutrino oscillations 
have been observed in a number of experiments demon- 
strating that neutrinos have non-zero masses and mixings 
(for a review of the current constrains on neutrino mass 
matrix see, e.g. 0). In addition, the origin of matter- 
antimatter asymmetry and the nature of dark matter 
have no explanation in the framework of the MSM. It 
has been shown recently that all these three phenomena 
can be explained in a simple extension of the Standard 
Model achieved by adding three gauge singlet fermions, 
the sterile neutrinos, with masses smaller than the elec- 
troweak scale '3', '3] . One of these sterile neutrinos can be 
dark matter, while the other two allow for baryogenesis. 
This model was called i/MSM for the addition of extra 
neutrinos to the MSM. 

The motivation for the i/MSM is further strengthened 
by the preponderance of indirect hints, each of which in- 
dividually may not be very compelling, but which collec- 
tively make a strong case for taking the model seriously. 
As shown in Ref. 3^, the minimal number of sterile neu- 
trinos that can explain dark matter in the universe, while 
being consistent with the experimental data on neutrino 
oscillations, is Af — 3. The lightest of these three states 
(iVi) can be produced in the early universe in just the 
right amount to account for cosmological dark matter. 
The same particle would be emitted from a supernova 
explosion with the anisotropy that is sufhcient to explain 
the observed velocities of pulsars 0, Q . X-ray photons 
from the decays of these particles can speed up the for- 
mation of molecular hydrogen and precipitate the early 
star formation and reionization , in agreement with the 
WMAP observations The two heavier sterile neutri- 
nos {N2 and N3) can lead to generation of asymme- 
tries between sterile neutrinos and left-handed leptons 
via sterile neutrino oscillations P|. The asymmetry in 



left-handed leptons is then converted to baryon asymme- 
try due to the anomalous electroweak fermion number 
nonconservation at high temperatures 

Given that several seemingly unrelated phenomena are 
explained in the framework of a simple model, it is worth- 
while to examine the full range of consequences of i/MSM. 
It has been already shown that an absolute scale of ac- 
tive neutrino masses in this model can be fixed 0, 0| • In 
addition, a constraint on the rate of ncutrinolcss double 
f3 decay has been derived [l^. 

In this paper we will show that that the range of pa- 
rameters for warm dark matter (WDM) in the z/MSM 
is wider that was previously determined 0, Q, 0, 0, 
El III Ellll El Hi for dark-matter sterile neutrinos 
in the context of an extention of the MSM by just one 
sterile neutrino. In particular, we will demonstrate that 
the dark-matter neutrino is allowed to have a smaller 
mass and a larger mixing angle with active neutrinos in 
i^MSM. This has important implications for experimental 
detection of dark matter. Moreover, we will argue that 
the dark matter sterile neutrino momentum distribution 
function can be more complicated than it was previously 
thought; this result has ramifications for structure for- 
mation in WDM cosmology. In addition, we will show 
that the constraints on other WDM particle candidates 
(such as light gravitino), which were in thermal equilib- 
rium above the electroweak scale, are relaxed. We also 
point out that if the primordial production of sterile neu- 
trinos takes place, no upper limit on their mass can be 
set. 

WDM in the model with one sterile neutrino. 

Let us summarize here the constraints on mass Mg and 
mixing angle 6 of the WDM particle derived for the Stan- 
dard Model augmented by only one sterile neutrino^. 



Note that this model cannot accommodate the data on neutrino 
oscillations since two active neutrinos are predicted to be mass- 
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This particle will be denoted by Ni. 

First, the mixing angle 9 between an active and a ster- 
ile neutrino must be small enough to avoid overdosing the 
universe by sterile neutrinos produced in active-sterile 
neutrino oscillations 0, 0, Q| . According to ji^ , the 
corresponding limit can be presented in the form: 

< 9.ma.{Ms) - 1.3 X 10-4 (^^^) (1) 

for the cental value of the parameters for the dark matter 
abundance fluM = 0.22 and the QCD cross-over tran- 
sition temperature Tqcd = 170 MeV. For such small 
mixing angles, the sterile neutrinos are out of thermal 
equilibrium for the entire range of temperatures at which 
the MSM with one extra fermion can remain a good ef- 
fective theory. Indeed, the maximum of sterile neutrino 
production occurs around the temperature jl^ 

/ M \ ^ 

and these sterile neutrinos come in thermal equilibrium 
only if 6* > 5 X 10"^ (1 keV/M^)^/^ 

Another limit comes from the observation that ra- 
diative decays A'^i — > ^v, can be observed as a fea- 
ture in the spectrum of cosmic X-ray radiation. This 
effect is similar to the ultra-violet radiation resulting 
from decays of active neutrinos, proposed in |23| as a 
possible signal from dark matter composed of ordinary 
neutrinos. According to Ref. 17, 22], the analysis of 
X-ray emission from Virgo cluster gives a constraint 
6* < 1.6 X 10-3 (1 keV/Msf, for 1 keV < < 10 keV, 
whereas the study of the diffuse X-ray background |24| 
gives 6* < 5.8 X lO^^ (l keV/M.f^^, for 1 keV < M, < 
100 keV. 

Further constraints on the parameters of dark-matter 
sterile neutrino depend on the assumptions about the ini- 
tial concentration of A^i at some high energy scale which 
we will take to be much larger than Mw ~ 100 GeV. We 
are going to distinguish three different scenarios. 

I. Sterile neutrinos are not produced at high temper- 
atures, i.e. their abundance is zero at T > 1 GeV. This 
can happen if the couplings of the singlet fermions to the 
fields beyond the Standard Model, including the infla- 
ton, are sufficiently weak. In this case it is required that 

= OmaxiM f^ i n order to produce the right amount of 
dark matter |l3. Iisl l2^. This requirement, together 
with an upper bound on the angle from the Virgo clus- 
ter observations [l7| |. give s an upper limit on the mass, 
which is, according to '22|, Ms < 8 keV. 

The sterile neutrinos produced in neutrino oscilla- 
tions have a non-negligible free-streaming length. For 
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masses below Mmm = 2 keV, the free-streaming would 
erase small-scale structure known to exist from cosmic 
microwave background radiation, Lynian-g forest, and 
Sloan Digital Sky Survey data [HliSIIli. Therefore, 
the allowed range of masses is 2 keV < Mg < 8 keV. 

II. Sterile neutrinos were in thermal equilibrium at 
high temperature, and their abundance at the elec- 
troweak scale coincides with that of the active neutri- 
nos. This case is excluded since, even if the constraint 
(0) is satisfied, the present concentration of sterile neu- 
trinos is only a factor g* {Mw) / g* {Td) ~ 0(10) smaller 
than the concentration of active neutrinos, where g*{T) 
is the number of effectively massless degrees of freedom 
at temperature T, Td — I MeV is the decoupling tem- 
perature of active neutrinos. The mass of the sterile neu- 
trino, required in this case, ~ 100 eV, is at odds 
with the structure formation and with a very conservative 
Tremaine-Gunn bound [25| on the mass of any fermionic 
dark matter, which requires Mg > Mtg — 0.3 keV when 
applied to the dwarf spheroidal galaxies H^] . 

III. The sterile neutrinos are produced at some high 
energy scale in just the right amount to be dark matter by 
some processes that have nothing to do with the active- 
sterile neutrino oscillations. This scenario, though quite 
trivial, has not been considered previously. In this case, 
there is no upper limit on their mass, while the lower 
limit is as small as Mtg- The angle 9 is bounded from 
above by eq. and by the X-ray observations^. 

The mixing angles 9 < 2 x 10~'^, required for a dark 
matter sterile neutrino in this model, leave little hope 
for a direct detection of sterile neutrinos in a laboratory 
experiment ^. The most promising detection strategy is 
based on the observation of X-rays from sterile neutrino 
decays [llElEilli. 

Let us now discuss how these constraints are modified 
in the i^MSM. 

The model. The Lagrangian of the z/MSM contains 
the Standard Model fields and gauge singlets Nj, as well 
as the following set of terms: 

_ Mr 

-F^i <^L^Ni - NfNi + h.c. , (3) 

where $ and La {a — e^fi.r) are the Higgs and lepton 
doublets, respectively, ($) — v — 174 GeV is the Higgs 
vacuum expectation value, M^ = Fv and Mj are Dirac 



^ For 8 < 3 X 10^^ the sterile neutrinos cannot explain the pulsar 
kicks and the early reionization. 

^ Of course, none of these bounds apply if the universe has under- 
gone a low scale infl ation and was never reheated to a tempera- 
ture above MeV l28l . Even in this case, one could envision some 
way to produce dark matter in the form of sterile neutrinos, for 
example, from a direct coupling of the infiaton to A^i . 
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and Majorana masses, respectively. An obvious require- 
ment for the parameters of the i/MSM is that the masses 
of active neutrinos, given by the see-saw expression 
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D^T 



Mi ^ 



(4) 



must be in agreement with neutrino oscillation experi- 
ments. We will assume that this model is a viable effec- 
tive field theory up to some very high energy scale, which 
can be as large as the Planck scale, but is not smaller than 
0(1) TeV or so, which is required for the validity of the 
baryogenesis mechanism via sterile neutrino oscillations. 
The mixing angle is expressed through the parameters 
of the vMSM as 
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where Mg is the lightest Majorana mass Mi. The masses 
of the heavier sterile neutrinos are free parameters of the 
model. To explain the baryon asymmetry of the uni- 
verse, a-nd must be highly degenerate in mass to 
amplify the coherent CP-violating effects in sterile neu- 
trino oscillations. Moreover, their (common) mass M 
cannot exceed greatly the electroweak scale since large 
Majorana masses enhance the rate of the lepton number 
non-conservation, which leads to a dilution of the baryon 
asymmetry. 

Constraints on the sterile neutrinos in the 
i^MSM. For reasons explained below we will take M ~ 
0(1 — 10) GeV. There are limits on sterile neutrinos for 
masses below 400 MeV [isj, but for larger masses there 
are no laboratory constraints. 

As in the case of the Standard Model with one extra 
singlet fermion, to discuss the allowed range of param- 
eters, one has to fix the concentrations of extra sterile 
neutrinos at temperatures higher than the electroweak 
scale. The analysis of all possible cases is beyond the 
scope of this paper. We will assume here that at least 
one of the heavy states iV2,3 was in thermal equilibrium 
at some temperature greater than M. This assump- 
tion is certainly true if the Yukawa coupling constants 
/I = l-pQ/P are large enough. Heavier sterile neu- 
trinos can be created in the Higgs decays or in collisions 
of t-quarks at the electroweak scale, and they equilibrate 
at T - Mw if /I > 2 X 10" 9]. For smaller Yukawa 
couplings 
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they equilibrate at To ^ 0(20) GeV, according to eq. (0) 
(the estimate is valid for masses 1 GeV < M < 
10 GeV) . The Yukawa couplings even smaller than these 
are allowed if N2 and 7V3 have sufRciently strong addi- 
tional interactions at some high energy scale. 



The concentration of N2 and A^3 at time of their de- 
cay, corresponding to temperatures ~ 0(1) MeV (see 
below) is given by 
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where = 2 x | is the degeneracy factor for A^2.3, and 
we take g*{Tr) = 10.75 and g*(T£,) = 86.25, which ac- 
counts for quark degrees of freedom up to the b quark. 
This equation is valid, provided eq. ^ is satisfied. For 
smaller Yukawa couplings, according to our assumption, 
one should replace g*{TD) by g*{Mw) ^ 106.75. 

The sterile neutrinos ^^2,3 are unstable and can decay 
in many channels, depending on their mass. In general, 
A'2,3 decays lead to the entropy production, given by a 
factor S > 1. If the decay temperature is smaller than 
the temperature at which the dark-matter sterile neu- 
trino iVi is produced, the density of A^i is diluted by S 
and also the momentum distribution is redshifted by a 
factor S^. This dilution allows for a wider range of al- 
lowed masses, with the lower bound Ms > M„iin/ S's . In 
addition to this, the constraint on the mixing angle 9^ 
becomes weaker by a factor S. Moreover, at sufficiently 
large S even an equilibrium concentration of sterile neu- 
trino Ni can be suf&ciently diluted. This means that 
the mixing angle is limited only by the X-ray constraints 
0,123,13 discussed above. 

Let us show that the entropy production factor as large 
as S" '--^ 0(100) does not affect the predictions of the Big 
Bang nucleosynthesis (BBN). 

The ratio of entropy produced from the 
A^2,3 decays to the rest of the entropy is 
S '= [g*iRT)%n.i/[g*iRT)%nitiah where R is the 
scale factor. The value of S depends on the dimension- 
less combination A = TMQ{g*{TD)/M)'^, were P is the 
width of the decaying particle, and Mq = 2.4 x 10^^ GeV 
is the reduced Planck mass. It was computed in [s^l for 
different situations. For our case it is given by 



1 + (1.37M)2/3 
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(8) 



To find what maximal allowed value of S, the Big Bang 
nucleosynthesis should be reanalyzed in the presence of 
^^2,3 decays, taking into account the specific branching 
ratios for different final states. A similar problem has 
been addressed in a number of papers HE 1^ Hll ■ 
In these papers the initial state of the universe before 
the BBN was assumed to contain nothing but a decay- 
ing scalar field, which produced particles of the Standard 
Model and created all the entropy. In other words, the 
factor S was assumed to be very large. In our case iV2,3 
decay in plasma, and, therefore, the constraints must be 
weaker. We will take a conservative apprqach and adopt 
the constraints from Refs. |3^ Is^ 134. l35l|. even though 
they are too strong for our case. 



4 



According to [33|, the reheating temperature, defined 
as Tr = 0.554A/rMo, can be as small as 0.7 MeV with- 
out a conflict with BBN. In this case the effective num- 
ber of active neutrino degrees of freedom at the time of 
BBN is less than three. There is some indication that 
this may, indeed, be required for the BBN predictions to 
agree with observations js^ . A more stringent constraint 
Tr > 4 MeV was derived in Ref. j where the informa- 
tion about CMB anisotropies and matter distributions 
was incorporated into the analysis. We will present our 
results for both = 0.7 MeV and = 4 MeV. 

Since the dilution of dark matter depends on the 
parameter A, let us determine the allowed range of 
decay widths r2 and Fa of the heavy sterile neu- 
trinos N2 and A^a, respectively. The neutral cur- 
rent diagrams [Z exchange) give the decay modes 
A^2,3 vvv, vlPlot[{{l/y[x])/.sol),x,xin,xout]l, vqq 
plus charge conjugated channels, while the charged cur- 
rents {W exchange) channels produce Iqq in the final 
state (here q corresponds to quarks and / to charged lep- 
tons). In general, these decay widths are given by 

a 

where Gp is the Fermi constant, and the coefficients 
Aa 1 depend on the kinematically allowed channels. 
For example, for a 10 GeV sterile neutrino one can show 
that F/ < 22Gj,APffv^/ (19271^) . 

The smaller is the Yukawa coupling //, the more en- 
tropy production one can expect. However, not all 
choices of the Yukawa couplings are consistent with the 
data on neutrino oscillations, in particular with the mass 
square differences. Applying the general analysis of the 
see-saw formula made in 3], one can prove that it is 
impossible to have very small /I3 ^ f^^i and to re- 
produce the data (here f^^^ = ^Am^^^M/w^ ~ 3 x 
lO-i^M/GeV , v'Ato^„; ~ 9 X lO^^ eV). In other words, 
only one of the particles A^2,3 can reheat the universe 
considerably. We take it to be A^3 for definiteness and 
choose /I ^ /^qj. There is no lower bound on /| from 
experiment. However, in order to reproduce the observed 
mass differences one must have u^/A/s and /|t;^/Af of 

the order of y^Am^^^^otm ~ O(10~^) eV. Moreover, re- 
peating the arguments of Ref. Q , one can prove that for 
such a small value of /a the lightest active neutrino must 
be much lighter than -y/Am^. Hence, the predictions of 
the active neutrino masses made in Ref. 0] remain valid"* . 

Now we are ready to proceed to numerical estimates of 
the entropy generation factor S. Taking the Yukawa cou- 



* The analysis of the active neutrino masses made in Ref. did 
not take into account the possibihty of reheating of the universe 
due to heavy sterile neutrino decays. 



pling from eq. ©, we get that for M = 5 (11) GeV and 
S = 29 (10) for the reheating temperature 0.7 (4) MeV. 
In this case the heavy sterile neutrino decoupling tem- 
perature is 0(20) GeV. At temperature 0(1) MeV, the 
energy density of sterile neutrinos dominates by a factor 
10 or 4, respectively. For smaller Yukawa couplings, N3 
is out of thermal equilibrium for all temperatures in the 
:/MSM. Of course, the N3 abundance can be large due to 
some physics beyond the i/MSM. Then, for /a < 10^*° 
the entropy production factor can exceed S = 100, with 
the energy dominance factor greater than 20. 

This range of S opens new possibilities for the sterile 
neutrino production. First, A'^i can be produced from 
neutrino oscillations, as in Refs. [ij, lla, ll^i j but for 
some larger mixing angles 9. As long as the lightest neu- 
trinos are never in equilibrium in the early universe, the 
amount of dark matter produced from neutrino oscilla- 
tions is proportional to 0'^ 0|. Now, the admissible angle 
can be larger than by a factor of v^- 

The second possibility is an even more drastic depar- 
ture from the usual scenario. The lightest sterile neutri- 
nos could, in fact, achieve the equilibrium density in the 
early universe due to some high-scale physics, new inter- 
actions, or because the mixing angle is large enough. 
Then at some temperature Td,s sterile neutrinos freeze 
out from equilibrium. Their density would then be 

This gives the right dark matter density for Mg ~ 

g-{Ta) 100 ^ • 

In the absence of entropy production, masses below 
2 keV correspond to dark matter that is too warm. How- 
ever, the dilution and red shift also change the free- 
streaming length of the sterile neutrinos by a factor S^^^. 
Let us, therefore, consider the limits from large-scale 
structure in more detail. 

Some bounds on warm dark matter come from the ob- 
servation of small-scale structure in the Lyman-a forest, 
as well as from SDSS data. The small-scale structure is 
sensitive to the free-streaming length of sterile neutrinos, 
Afs = y^{v{t')/R{t'))dt' , where V is the velocity of ster- 
ile neutrinos. For the parameters of interest, the lightest 
sterile neutrino becomes non-relativistic at the time t^-^ 
(redshift z^^) long after the decay of the heavier sterile 
neutrinos and before the matter-radiation equality, which 
occurs at teq- Therefore, one can neglect the contribution 
to Afs from the matter-dominated phase prior to heavy 
neutrino decay, and the integral for the free-streaming 
length has the usual expression: 

Afs ~ t^^z^^[2 + \TL{Ujt^^)] 
where Tg is the temperature of the dark-matter sterile 
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neutrinos in the absence of dilution and is the tem- 
perature of active neutrinos. 

For a numerical example let us assume that the Lyman- 
a constraint in the absence of dilution is Mg > Mmi„ ~ 2 
keV 113. For Scenario I we have T, ~ T^, and for ~ 13 
all masses Mg > 0.8 keV are allowed. In this case the 
sterile neutrinos are out of thermal equilibrium and their 
mixing angle is smaller than B < 5.4 x 10"''. 

For larger mixing angles sterile neutrinos come to ther- 
mal equilibrium and can be considered as the "generic 
warm dark matter" . 

The maximal possible mixing angle in this case comes 
from consideration of active neutrino masses and is of 
order of 9^ ^ y/An^^/M^i^ ~ 8.5 x 10"^ where 
-M'min — 0.55 keV so that the free streaming length be- 
comes too small to affect the observed structure [ioj . 
Then, in this case, sterile neutrino can be the dark matter 
for (ff*(Td,,)/g*(Td))5~55. 

We, therefore, conclude that, for large enough S, ster- 
ile neutrinos can be the dark matter for masses Mg > 
0.55 keV and mixing angles 6 > 0max{Ms). These mix- 
ing angles are probably within the reach of laboratory 
experiments |28j . 

The late entropy production opens a possibility to have 
several component WDM even with a single dark matter 
candidate. Namely, a fraction of sterile neutrinos could 
be created above the electroweak scale, and then a sep- 
arate population of them could be produced in active- 
sterile neutrino oscillations. The two populations can 
have effective temperatures different by a factor of 5*3, 
leaving a fingerprint on a distribution of matter at scales 
of the order of a few Mpc. 

Some comments are now in order, (i) The dilution of 
the sterile neutrino abundance leads to the decrease of 
the baryon asymmetry at the same time. This effect, 
however, can be compensated by an increase in the de- 
generacy of the states N2 and . (ii) The mixing angle 
is still bounded from above by the X-ray observations 
[l7ll2^ . These limits, however, are very weak for < 1 
keV, as discussed in Ref. [2^ . (iii) The large value of the 
total entropy production factor in the :/MSM opens a 
possibility to have any type of a warm dark matter can- 
didate with mass being larger than 0.55 keV with decou- 
pling temperature above the electroweak scale, including 
the light gravitino or other weakly interacting massive 
particles (iv) The scenario III, in which the dark 

matter sterile neutrinos are produced not in the active- 
sterile transitions but in some other processes, is valid for 
the ^MSM as well. In this case the mixing angle 6 is con- 
strained by the X-ray observations, while the mass Ms 
should satisfy the Tremaine-Gunn bound or the Lyman-a 
bound, depending on the mechanism of their production. 

Conclusions. To summarize, in the Standard Model 
extended by three singlet fermions (i^MSM), the lightest 
sterile neutrino is a viable dark-matter candidate. For 
the case when the initial concentration of sterile neutri- 



nos is assumed to be zero, the main reason allowing for 
a new window for WDM parameters is the decay of a 
heavier neutrino before the BBN epoch. These decays 
can produce enough entropy to (i) dilute the density of 
sterile neutrinos and (ii) reduce their temperature. The 
second effect, cooling of the sterile neutrino spectrum, re- 
duces the free-streaming length and weakens the bounds 
from structure formation on non-thermal sterile neutrino. 
In addition, a sterile neutrino with any mass satisfying 
the Lyman-a bound, that was produced by a mechanism 
not related to active-sterile oscillations, is perfectly al- 
lowed. 

As has been already discussed in 0, ^| , the i^MSM 
with three singlet fermions can be falsified by the data in 
neutrino physics. In-spite of the efforts of two authors of 
the present paper (T.A. and M.S.) a range of parameters 
in which the i^MSM can give the dark matter, explain 
the baryon asymmetry of the Universe, and the data on 
neutrino oscillations including the LSND anomaly, has 
not been found. The LSND anomaly can be accommo- 
dated to the i^MSM, provided the dark matter or the 
baryon asymmetry explanations are given up. Thus, if 
MiniBoone experiment confirms the LSND results, the 
z/MSM should be extended by at least one extra sterile 
neutrino, if the requirements to be consistent with cos- 
mology are kept. The same conclusion is true if the active 
neutrinos are found to be degenerate in mass. 
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Note added. After this work has been submitted 
for publication, a number of papers on sterile neutrinos 
appeared HUHllllliHiJl- In [13 a new analysis of 
the Lyman-a forest data has been performed. In 38, 3^ 
Efij i new constraints on the mixing angle 9, coming from 
the analysis of X-rays from galaxy clusters and from our 
own galaxy have been derived. These results represent 
a considerable improvement of the constraints existing 
previously and discussed in the text. 

In Fig. ^we show the limits from [s^, based on the 
statistical a naly sis of the X-ray data with the method 
described in |2J| , and the constraints from [s^l . The lim- 
its on the mixing angle, derived in |4nj |. are coming from 
the requirement that the flux in the dark matter emis- 
sion line is smaller than the total observed flux. These 
constraints are weaker than those of ref. 39] and allow 
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FIG. 1: Restrictions on the mixing angle of sterile neutrino 
coming from X-ray observations of 39] and from the Lyman- 
a forest data analysis of |3^ . assuming that all dark matter is 
in sterile neutrinos. No region is allowed for sterile neutrinos 
produced in active-sterile transitions, if their initial concen- 
tration was zero. For A'^i produced thermally at high energy 
scale the allowed region is for Ms > 2.5 keV and below the 
shaded area. For primordial production of sterile neutrinos in 
light inflaton decays 41], all values below shaded area and to 
the right from Ms = 10 keV are allowed. 



more space for sterile neutrinos, as discussed in [40j. 

A combination of new X-ray and Lyman-a bounds can 
rule out a number of scenarios discussed in this paper, 
unless eq. (Q, derived in 22], gets strongly modified 
by largely unknown dynamics of the strongly interact- 
ing plasma at temperatures T ~ 150 MeV or the bound 

1 /3 

of ^], > mo/S^^^" with mo ~ 14 keV, involving 
complicated hydrodynamical simulations, gets relaxed 
because of some reason. Here factor Stot is defined as 

If Too is as large as in [s^] {mo ~ 2 keV according to 
the earlier works, as discussed in the text), the Dodelson- 
Widrow scenario (scenario I of this work), is excluded. 
Indeed, if eq. is combined with the X-ray data, 

the upper limit of 8 keV, discussed in the text, is re- 
placed by 2.8 keV [s^, which is well below the Lyman-a 
bound. The scenario II, which was impossible for the 
MSM with addition of one sterile neutrino and possible 
for the i^MSM, would require to have the entropy pro- 
duction factor greater than 5* ~ 25 and sterile neutrino 
mass greater than TOs — 2.5 keV. On the contrary, if the 
concentration of the dark matter sterile neutrino is pos- 
tulated to be zero at temperatures above few hundreds 
MeV, then even the j/MSM with entropy production can- 
not reconcile the new constraints. In particular, the sce- 
nario with large mixing angle is excluded (it would be 
allowed if mo ~ 5 keV). If true, this points out towards 
the production mechanism of sterile neutrinos, not re- 



lated to active-sterile neutrino oscillations (scenario III 
of the present work). Indeed, in was demonstrated 
that the inflaton decays can produce effectively the dark 
matter sterile neutrinos which satisfies all the constraints 

of [Ullillili^. 
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